Introduction
Docosahexaenoic acid DHA, 22:6 n-3 is widely recognized as an important nutritional component during invertebrate and vertebrate development 1, 2 . It is an essential component of cell membranes in some human tissues, mainly in brain and retina 3 . DHA plays a key role in improving neural and retinal development in infants. It was also reported that DHA could lower the incidence of certain cardiovascular diseases 4 6 . Moreover, it has also been confirmed that marine fish larvae require n-3 highly unsaturated fatty acids, such as DHA for their development and survival 7, 8 .
Oceanic fish oil products are the typical dietary sources of DHA 9 . However, due to emerging concerns over the sustainability of marine resources and of the levels of environmental contaminants present in fish, major efforts have been made to identify or create alternative sources of DHA 10, 11 . Two genera of microorganisms, Crypthecodinium cohnii and Schizochytrium, have been developed as alternative commercial sources of DHA enriched oils 12 .
In developing a large-scale fermentation process for DHA, it is necessary to utilize inexpensive medium components to lower the cost. At present, most studies have used glucose and yeast extract as carbon and nitrogen sources 13 . However, these are expensive and may make the product less economically competitive. There have been a number of efforts to use cheaper sources of carbon and nitrogen for DHA production. Sweet sorghum juice 14 , coconut water 15 , Shochu Distillery wastewater 16 and crude glycerol 17 have been used as C-sources, ammonia 18 and spent yeast autolysis 19 have been used as N-sources.
But all these trials were difficult to expand for industrial fermentation, because of the lack of material supply and low biomass yield. Maize starch and soybean meal are abundant farm products in China. If these low-cost materials could be used as C-source and N-source, the cost of the DHA product will be reduced sharply. The objective of this study is to investigate the feasibility of using maize starch hydrolysate as a carbon source and soybean meal hydrolysate as a nitrogen source for cell growth and DHA production by Schizochytrium limacinum OUC88.
Materials and methods

Microorganism and medium
Schizochytrium limacinum OUC88 is kept by College 21 . Seed culture was grown in a 500 ml flask containing 100 ml medium at 25 with shaking at 200 rpm for 3 d of cultivation without light. In the fermentation culture, the initial medium contains glucose 70 g/L, soybean meal hydrolysate 30 g/L, ASW 15g/ L, thiamine 50 mg/L, biotin 1 mg/L and cyanocobalamin 10mg/L The initial medium was optimized by using single factor test, and the results were shown in Fig. S1 . With 10 v/v inoculum size, Schizochytrium cells were grown at 25 , pH 6.5.
Preparation of maize starch hydrolysate
The starch hydrolysate was prepared by enzymatic hydrolysis of 1 kg maize starch in 3 L water. Heat-resistant amylase 1.5 mL 20,000U mL 1 , Genencor Bioengineering, Wuxi, China was added for gelatinization at 105 for 15 min, then the temperature was lowered to 95 for liquefaction for 2 h. The temperature was further lowered to 60 and 1.5 g glucoamylase Genencor Bioengineering; 50,000U g 1 was added for saccharification for 24 h. The yield was 35-40 dextrose equivalents in the filtrate, and the glucose yield was 0.98kg of glucose per kg of starch.
Preparation of soybean meal hydrolysate
The soybean meal XiangChi CO.LTD., Binzhou, China was put into a 5000 L porcelain enamel reactor with water at a ratio 1:7 w/v , and hydrochloric acid was added to regulate pH to 1.3 to hydrolyze the soybean meal. The hydrolysis reaction was kept for 20 min at 110 . After cooling off, the pH was adjusted to 6.0 with 40 NaOH, and the liquid was separated as the soybean meal hydrolysate. The process of soybean meal hydrolyzed project was shown in Fig. 1 . The amino acid concentration after hydrolyzation was shown in Table 1 .
Optimization of hydrolyzation conditions
An orthogonal experiment was designed to optimize the hydrolyzation conditions of the soybean meal, including time min , temperature , and hydrochloric acid concentration mol L 1 Table 2 .
Comparison of the different nitrogen sources
The fed-batch fermentation experiments for comparison of two nitrogen sources, soybean meal hydrolysate SMH and yeast extract YE , with the concentration glucose 70 g/L, N-source 30 g/L, ASW 15g/L, thiamine 50 mg/L, biotin 1 mg/L and cyanocobalamin 10mg/L, were carried out to check their efficiency by comparing the biomass, fatty acid composition, and amino acid composition of S. limacinum OUC88.
Fermentation experiments were performed in 10 L bioreactors equipped with controls for pH, temperature, agitation and dissolved oxygen concentration DO . The tem- Fig. 1 The protocol of soybean meal hydrolyzation. aqueous solutions automatically. To control foam formation, 1 mL of antifoam was added at the beginning of the run.
To explore the reason for the different efficiency of the two nitrogen sources, an experiment of deficiency of single-amino acid was designed. 16 kinds of amino acids were examined. In each experiment one kind of amino acid was deleted in medium and the concentrations of other amino acids were 0.5 g L 1 . Except N-source, other compositions were the same as the medium described above.
15000L Fermentation
A 15000L fermentation system was setup at Zhenghai Ecological Science & Technology CO.LTD Binzhou, China . A seed was cultivated in a 100L fermentor for 2 days, and then the seed was shifted to a 1000L fermentor for another 2 days. Finally, the culture was switched to a 15000L fermentor to get the best biomass and DHA content for 4 days. The control of various parameters was performed by a control unit. During the fermentation, the bioreactor was operated at 25 , and the aeration rate was 0.8 L min 1 L 1 VVM . The pH of the medium was automatically controlled at 6.5 by adding NaOH 40 .
The three-step fed-batch fermentation strategy was carried out with the initial starch hydrolysate 7 dextrose equivalents , and the initial soybean meal hydrolysate 3 . From 12 h, the starch hydrolysate and the soybean meal hydrolysate concentration were controlled at 4 dextrose equivalents and 0.5 respectively by controlling the feeding rate until 60 h. Then the N-feeding was stopped and the sugar concentration was controlled at 2 for 20 h. Finally, the feeding was stopped for lipid and DHA accumulation for last 16 h.
Biomass determination
The biomass of S. limacinum OUC88 is expressed in terms of the dry cell weight DCW . Cell suspensions 30 mL were centrifuged at 7,000 g and 4 for 10 min. Cell pellets were washed twice with 0.2 M phosphate buffer solution. Cell pellets were then freeze-dried to constant weight at 50 for approximately 60 h.
Analysis of glucose and nitrogen concentrations
Glucose was analyzed by a biosensor equipped with a glucose oxidase electrode SBA-40C, Institute of Biology, Shandong Academy of Sciences, China . Nitrogen concentration in the broth was determined by alkaline potassium persulfate digestion and UV spectrophotometry according to the China Standard GB 11894-89 method 22 .
Lipid and amino acid analysis
The dried cells were suspended in 5 mL 0.4 M methanolic KOH for 1 h at 60 , and then the lipids were esterified for 1 h in 5 mL BF 3 -methanol 14 reagent at 60 . After extraction with 10 mL n-hexane followed by evaporation, the fatty acid methyl esters FAMEs were dissolved in 1 mL n-hexane and analyzed using an Agilent 6890 GC Agilent Technologies, Lexington, United States equipped with an FID and a DB-23 capillary column 30 m 0.25 mm . Nitrogen was used as carrier gas. Initial column temperature was kept at 50 for 1 min. Then the temperature was raised to 175 at 25 min 1 , subsequently raised to 230 at 4 min 1 , and maintained for 5 min. The FID de- tector temperature was set at 280 20 . FAMEs were identified by chromatographic comparison with authentic standards Sigma Chemical Co., USA . The quantity of DHA was estimated from the peak areas on the chromatogram using nonadecanoic acid 19:0 as an internal standard. An amino acid analyzer L-8900; Hitachi, Tokyo, Japan was used to measure the levels of free total amino acids AAs and those of 16 individual AAs: alanine Ala , arginine Arg , aspartic acid Asp , glutamic acid Glu , glycine Gly , histidine His , isoleucine Ile , leucine Leu , lysine Lys , methionine Met , phenylalanine Phe , serine Ser , threonine Thr , tryptophan Trp , tyrosine Tyr , and valine Val . The quantitative ninhydrin assay was employed. All analyses were performed in duplicate.
Results and Discussion
Optimization of hydrolyzation conditions
The results of optimization experiment for hydrolyzation conditions were shown in Table 2 . The best soybean meal hydrolyzation condition was 0.2 mol L 1 HCl, 110 and 20
min. The influences of the three experiment factors to the biomass from big to small were hydrolyztion time, hydrochloric acid concentration and temperature. Under the best conditions, the final biomass of S. limacinum OUC88 was 78.37 g L 1 , the DHA yield is 17.5 g L 1 .
During the hydrolyzation, along with the concentration of amino acid in the hydrolysate approached the max value, its increment became very slow, and the yield of byproduct increased rapidly. In the hydrolyzation process, many carbohydrates in soybean meal became pentoses and hexoses and then were dehydrated into furfural and carboxymethyl furfural, and finally they were changed to levulinic acid and formic acid which can polymerize with protein hydrolysate 23, 24 . Moreover, the hydrolyzation process also born sulfur compounds, such as H 2 S, methyl mercaptan, and dimethyl sulfide. Therefore, the hydrolyzation time should be optimized to maximize the amino acid concentration and minimize the subsequence reactions. In our experiments, we found the best hydrolyzation time was 20 min. The hydrochloric acid dosage relates the production cost and hydrolyzation efficiency. Insufficiency of the hydrochloric acid dosage will result in bad heat transmission and make the product difficult to separation. Otherwise, the excessive hydrochloric acid dosage will increase the pair reactions and influence the hydrolyzation efficiency. We found that the highest amino acid content was obtained at 0.2 mol L 1 hydrochloric acid concentration, when the proportion between solid and liquid was 1:7.
Comparison of the different nitrogen sources
In a 10L ferment experiment, the biomass, lipid produc- OUC88. From Fig. 3 , compared with the control group no amino acid deficiency , amino acids, such as Met, Ala, Glu, Lys, Pro et al., had positive effect on the growth of S. limacinum OUC88 and the DHA accumulation. The groups whose medium deleted amino acid Gly, Arg and Thr, had more biomass, announced these amino acids had negative effect on the growth of this strain. Other kinds of amino acids had no impact on the growth of S. limacinum OUC88. From the results of this study, compared with yeast extract, the soybean meal hydrolysates were more appropriate nitrogen sources for the growth and the DHA production of S. limacinum OUC88, because the soybean meal hydrolysates contained more positive amino acids and were more consistent with the amino acid composition of S. limacinum OUC88. This consistency can reduce the consumption of energy and reducing power such as ATP and NADPH which play key roles in lipid and DHA accumulation 25, 26 . Therefore, more energy and reducing power could be utilized in the lipid synthesis pathway to produce lipids and DHA.
Results of the 15000 L fermentation system
After the 15000 L fermentation, the biomass of S. limacinum OUC88 was 81.84 g L 1 , and the yields of total lipid and DHA were 43.13 g L 1 and 19.2 g L 1 Fig. 4 . In contrast to only about 20 percent crude protein in cell, over 50 percent of the whole cell components were fatty acids. The amino acid compositions and the fatty acid compositions of S. limacinum OUC88 were displayed in Table  4 . The main fatty acids in cell were palmitic acid C16:0 and docosahexaenoic acid DHA, C22:6 n-3 which were 34.30 and 44.54 of the total fatty acids, respectively. The fermentation substrate is not the only determinant for industrialization of DHA production, but this factor is undoubtedly the base of DHA production and directly influences the possibility and potential of its industrialization 27 . This declines the use of expensive high quality substrates such as glucose and yeast extract to cultivate DHArich microalgae. To reduce the cost, many efforts focused on using low-cost materials as media for DHA production in China the price are shown in Table 6 From the results of this study, these hydrolysates can provide all the nutrients required for high-density cultivation of S. limacinum OUC88 and DHA production, thus utilization of these low-cost substrates will improve the economical and competitive efficiency of commercial DHA production.
Conclusion
This study showed that maize starch and soybean meal, raw materials from food industry, can serve as low-cost substrates for cultivation of Schizochytrium limacinum OUC88 for producing DHA. These low-cost substrates provided sufficient nutrients for high-density cultivation of S. limacinum OUC88, and produced high amount of DHA. Thus, the use of maize starch hydrolysate and soybean meal hydrolysate will significantly reduce the cost of DHA 
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